In this paper we perform an assessment of the 2880 Earth impact risk for asteroid (29075) b-plane and find a 5ˆ10´4 impact probability. With the recently released 2012 radar observations, the direct rotation is definetly ruled out and the impact probability decreases to 2.5ˆ10´4.
Introduction
Near Earth asteroid (29075) 1950 DA was first discovered in 1950 by C.
A. Wirtanen at Lick Observatory (Wirtanen and Vasilevskis, 1950) and then lost for more than 50 yr. In December 2000 the asteroid was rediscovered at Lowell Observatory-LONEOS (Bardwell, 2001) as 2000 YK 66 and subsequently recognized to be 1950 DA.
In 2001, 1950 DA experienced an Earth close approach at 0.05 au and radar observations were obtained from Arecibo and Goldstone. These radar observations significantly reduced the orbital uncertainty and allowed longterm predictions. In particular, Giorgini et al. (2002) showed that there is a non-negligible probability (upper bound 0.33%) for an Earth impact in March 2880. The occurrence of such an impact is decisively driven by the Yarkovsky effect, a subtle nongravitational perturbation arising from the anisotropic reemission at thermal wavelengths of absorbed solar radiation. This perturbation causes a secular variation in semimajor axis resulting in a mean anomaly runoff that accumulates quadratically with time .
As 1950 DA experiences several planetary encounters (Giorgini et al., 2002, Table 1), the runoff caused by the Yarkovsky effect is amplified and therefore becomes important for 1950 DA's predictions. Busch et al. (2007) Because of the decisive contribution of the Yarkovsky effect, 1950 DA belongs to a class of "special objects", which also includes asteroids (99942) Apophis (Farnocchia et al., 2013b) and (101955) Bennu .
Each of these objects presents unique features and demanding tasks. In particular, for 1950 DA we are pushing the impact prediction horizon for a time interval that is four times longer than ever analyzed for any other aster- all the batches with apparent bias larger than 1". The discovery observation has a low number of significant digits, so it was weighted at 30". Finally,
we applied weights at 2" to observations marked with the MPC flag 'A', i.e., when right ascension and declination in the J2000 system were obtained by rotating the B1950 coordinates. Table 1 contains the orbital elements corresponding to this astrometric treatment, which is referred to as "Nominal" throughout the paper. It is worth pointing out that this solution was computed without accounting for the Yarkovsky effect, which is discussed in
Sec.3 Table 2 shows the normalized RMS according to different observational datasets and astrometric schemes: a) observations only from 1950 to March 2001, which is similar to the dataset used by Giorgini et al. (2002) and which we refer to as the G02 dataset; b) G02 with the application of the nominal solution provides the best match to the 2001 delay measurements, which highlights the importance of using the full arc and the goodness of the astrometric scheme described before. The table also contains the coordinates on the 2880 b-plane, which is the plane normal to the incoming asymptote of the geocentric hyperbola on which the asteroid travels when it is closest to the planet (Valsecchi et al., 2003) . width of the uncertainty region is 3-4 km, e.g., for ζ 2880 " 0 the full width is 7.12 km. Therefore, we can perform the risk assessment by using a one dimensional analysis. In particular, we consider the Line of Variation (LOV, Milani et al., 2005b) , i.e., the line along which the uncertainty region is most stretched and is therefore representative of the orbital uncertainty. The nonlinearity of the mapping from the orbital uncertainty space to the b-plane is evident from the curvature of the uncertainty region and the locations of the σ levels. The Earth is at 1.64σ from the nominal solution and a simplistic computation of the corresponding impact probability (IP) is 5.06ˆ10´4.
However, the computation of a reliable IP requires a more careful analysis as discussed in the following sections.
Nongravitational perturbations
Nongravitational perturbations can play an important role for long term predictions, therefore we used the following comet-like model (Marsden et al., coordinates of the orbital solutions corresponding to different observation datasets and astrometric schemes as described in Table 2 . Circles are 1, 3, and 5σ levels with respect to the nominal solution. The impact cross section has radius 1.24 Earth radii. The right panel shows the LOV and the σ levels using the same scale for the axes.
1973):
where r 0 " 1 au, r is the heliocentric distance of the asteroid,r is the radial direction, andt is the transverse direction.
The radial component of a N G models direct and reflected solar radiation pressure and A 1 can be related to the asteroid's physical quantities as follows :
where A is the Bond albedo, AMR is the asteroid's area-to-mass ratio, G S " 1371 W/m 2 is the solar constant, and c is the speed of light.
The transverse component of a N G models the Yarkovsky perturbation (Bottke et al., 2006) and A 2 can be related to the asteroid's physical quantities as follows (Farnocchia et al., 2013a) :
where Φp1auq is the standard radiation force factor at 1 au, Θ is the thermal parameter, and γ is the obliquity . To drop the dependence of Θ on r, we computed the subsolar temperature (Vokrouhlický, 1998) at the orbital semilatus rectum.
Physical model
Though A 1 and A 2 are unknown, we can generate a statistical sample representing these two parameters starting from the available information on 1950 DA's physical model. particular, Busch et al. (2007) provide two models for 1950 DA's rotation state, i.e., direct and retrograde. As a result, the following analysis initially discusses these two models separately, unifying them only in the next subsection. Note that the spin orientations found by Busch et al. (2007) correspond to an obliquity of 24.5˝(for the direct model) and 167.7˝(for the retrograde model). Therefore, the spin axis is far from being in the orbital plane and the seasonal component of the Yarkovsky effect can be neglected. Figure 2 shows the geometric albedo p V distribution, which was obtained from the absolute magnitude H and equivalent diameter D according to Pravec and Harris (2007) :
The albedo distribution depicted in Fig. 2 is lower than the geometric albedo reported by Busch et al. (2007) , i.e., p V from 0.20 to 0.25. The reason for this difference is solely due to different estimates of H. Indeed, Busch et al. (2012), we obtain an average bulk density ρ " 3.86˘0.87 g/cm 3 .
Moreover, Busch et al. (2007) report a minimum bulk density (see Table 3 ).
Therefore, we used a truncated normal distribution for ρ.
Delbò et al. (2007) give a relationship between thermal inertia Γ and diameter D (in km):
A preliminary thermal model of 1950 DA obtained from NEOWISE data appears to be consistent with this relationship (Nugent et al., 2013) . From Γ and the P rot (see Table 3 ) we computed the thermal parameter Θ according to Vokrouhlický (1998) .
By using Eq. (2) and Eq. (3) we can map the physical parameters described in this section and their uncertainties to the nongravitational parameters A 1 and A 2 . We then obtain the distributions of Fig. 3 and Fig. 4 for the direct and retrograde models.
Overall distribution of the Yarkovsky effect
The physical model provides us with two possible distributions for the Yarkovsky parameter A 2 . To obtain a single distribution of A 2 we can use the following pieces of information from the following sources:
(P) According to Busch et al. (2007) , both the direct and retrograde physical models provide good fits to radar and lightcurve data. Therefore, 1950 DA has a 50% probability of being direct and a 50% probability of being retrograde. DA is direct or retrograde are 81.8% and 18.2%, respectively.
These are independent sources of information that can be used to obtain the overall distribution of A 2 . Figure 5 shows how the distribution of A 2 changes when the different pieces of information are sequentially added. The distribution labeled with P only uses the information from the physical model (i.e., 50%-50% retrograde-direct ratio), PA uses also the astrometry. Finally, PAD uses all the information above and is therefore the one we consider most reliable. Negative values of A 2 are predominant thus suggesting that 1950 DA is likely to be a retrograde rotator with a probability of 99%. As a further confirmation, the geometric albedo reported by NEOWISE is 0.070
.02, which somewhat favors the retrograde solution (see Fig. 2 ). 
Integration error
The numerical integration produces a numerical error that can be relevant for a long-term propagation. At each integration step we introduce a random error below a fixed integration tolerance, which we set to 10´1 5 . To estimate the numerical error in the propagation through 2880 we compared the integration in double precision (which is our default) to that in quadruple precision, assumed as the truth. We made this comparison for 121 virtual asteroids (VAs) on the LOV: each VA was propagated from the orbital solution epoch to 2880 in both double and quadruple precision. Figure 6 shows the distribution of the integration error in the logarithmic scale. The integration error has a mean of " 15000 km, but can be as large as " 150000 km.
Dynamical error budget
The long-term propagation through 2880 requires an assessment of the relevance of the various perturbations affecting the dynamics of 1950 DA.
Our dynamical model included:
• the Newtonian attraction of the Sun, eight planets, Pluto, and the Moon based on JPL's DE424 planetary ephemerides (Folkner, 2011) ;
• the Einstein-Infeld-Hoffman (EIH) relativistic approximation (Moyer, 2003) for the Sun, the planets, and the Moon;
• the second order harmonics of the Earth gravity field for geocentric distance ă 0.01 au;
• the Newtonian attraction of the 16 most massive asteroids "BIG-16" (e.g., see Table 1 in Farnocchia et al., 2013b) . 
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-537 Moon is rather small and dominated by the integration error. Using 0.01 au as a cut-off for including the Earth oblateness effect is a good approximation.
In fact, increasing the cut-off to 1 au has a negligible effect. On the other hand, the use of a Sun-only relativistic model produces a significant shift with respect to the nominal prediction.
For nongravitational perturbations, solar radiation pressure has a negligible effect. This small effect can be explained by the fact that the orbital fit to the observations corrects the semimajor axis to compensate for the reduced gravitational parameter of the Sun GM increases. This behavior is counterintuitive, as a negative orbital drift should imply a smaller period and thus an earlier arrival to the 2880 close approach.
However, Fig. 8 shows how Earth approaches before 2880 can flip the uncertainty region and cause this unexpected phenomena. It is important to note that to move the nominal solution toward the Earth we need a retrograde rotation. Therefore, the impact is much more likely with a retrograde rotation, which is the opposite of the result obtained by Giorgini et al. (2002) and is due to the different sign of ζ 2880 for the two solutions (see Fig. 1 )
We did not consider other perturbations, such as Galactic tide, Solar mass loss, or Solar oblateness, as Giorgini et al. (2002) demonstrate that the contribution of these perturbations is small and can be neglected.
Risk assessment
The impact risk assessment can be performed by means of a Monte Carlo simulation. First, we randomly sampled A 2 according to the distributions The probability of an impact (IP) can be computed by multiplying the ζ 2880 probability density function (PDF) and the width w of the intersection between the LOV and the impact cross section. Note that w " 15856 km, which is somewhat smaller than the diameter of the impact cross section as the LOV does not pass directly through the center of the Earth (ξ 2880 "´234 km for ζ 2880 " 0). The best estimate of the IP is 4.69ˆ10´4, which is given by the PAD solution. The corresponding Palermo Scale (Chesley et al., 2002) is´0.56. As reported by Table 5 the IP is not very sensitive to the amount of information used to constrain A 2 . Furthermore, Table 5 shows the dependence of the IP on the assumptions on 1950 DA's physical model. The IP always has a similar order of magnitude, thus giving robustness to our result.
Conclusions
We found a 5ˆ10´4 probability for an Earth impact of asteroid (29075 
Update
After the paper was accepted, the 2001 radar observations were remeasured and two 2012 Arecibo range measurement were released (Busch et al., 2013) . With the new data the astrometry provides a much stronger constraint to the Yarkovsky effect, i.e., A 2 " p´6.70˘1. present as the astrometry already rules out the direct rotation. By using the same technique described in Sec. 6 we can compute the corresponding impact probabilities: 4.44ˆ10´4 for P, 5.05ˆ10´5 for A, and 2.48ˆ10´4 for PA.
On one hand the astrometry suggests that the physical model is underestimating the size of the Yarkovsky effect. A possible explanation could be the presence of cohesive forces (Scheeres et al., 2010) , which would lower the minimum bulk density. Another possibility is that the thermal inertia of 1950 DA is between 50 and 250 J m´2 s´0
.5 K´1, which is smaller than Delbò et al. 
